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I. INTRODUCTION, ABSTRACT AND SUMMARY

This report will cover the work performed from 1 January 1972

through 30 June 1972 on Grant NGL 03-002-019 between the University of

Arizona and the National Aeronautics and Space Administration.

This contract was set up to support the development of new

types of detectors for analysis of planetary atmospheres. Initially,

the interest was in detectors for use under partial vacuum conditions;

recently, the program has been extended to include detectors for use'at

one atmosphere and adsorption system for control and separation of gases.

Results to date have included detectors for 02 and H2 under

partial vacuum conditions (publications 1, 3, 4). Experiments on detec-

tors for use at high pressures began in 1966, and systems for CO, H2 , and

02 were reported in 1967 and 1968 (publications 8, 11). In 1968 studies
2

began on an electrically controlled adsorbent. It was demonstrated that

under proper conditions a thin film of semiconductor material could be

electrically cycled to adsorb and desorb a specific gas. This work was

extended to obtain quantitative data on the use of semiconductors as

controllable adsorbents (publications 11, 12).

In 1968 a new technique for dry replication and measurement of

the thickness of thin films was developed. A commercial material, Press-

0-Film was shown to be satisfactory when properly used. This technique

is most useful for studies of semiconductor thin films where normal inter-

ference techniques are not practical because of the non-reflective nature

of the film (publication 13).

-1-
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During the period from 1969 through 1971 the Carbon Monoxide

Detector, first demonstrated on this NASA program (publication 8), was

refined and improved for use by the Department of Health, Education and

Welfare. The unit is now under evaluation at the Cincinnati office of

the National Institute for Occupational Safety and Health (NIOSH).

In 1969 studies began on a corona discharge detector for water

vapor. This system was shown to be rapid in response, suitable for

continuous low power operation and reasonably linear in output (on a

logarithmic plot) from 10% relative humidity to 95% relative humidity.

A program to develop this detector for hydrological applications began

in 1970.

In 1970 we began an investigation of the catalytic oxidation of

various gases, i.e. CO, NH
3
and H

2
over metallic catalysts. We demon-

strated that the rate of reaction could be observed and controlled in

terms of the exo-electron emission from the catalyst. In 1971 this study

was directed to the extended monel metal catalysts used for auto exhaust

emission control and for spacecraft atmospheric purification. The po-

tential applications of this monitoring technique are being evaluated by

the automotive industry.

In 1971 we began the study of a new technique for analysis of

solid materials. This system involved heating or grinding the substance

and observing the induced exo-electron emission. This effect is known

as Temperature Stimulated Exo-Electron Emission (TSEE) and can be used

to determine the silica content of various minerals.
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This technique has possible applications in the study of planetary

soils picked up by landing vehicles. Another potential application exists

in the Public Health area where silicosis is a serious industrial problem.

There may be a direct connection between the exo-electron emission we

observe after grinding and the development of human silicosis. The re-

sults of this work are being evaluated, for possible support, by the

National Institute for Occupational Safety and Health.

II. SUMMARY OF WORK IN THE PAST SIX MONTHS

A. Corona Discharge Humidity Detector

The current generated in a point-to-plane corona discharge has

been shown to be dependent on the ambient water vapor pressure. The use

of a multipoint brush and an ultraviolet source stabilizes the system

and maintains sensitivity over a wide range of relative humidity. The

fact that airflow through the system is induced by the electric wind

effect of the corona discharge makes the device quite suitable for field

applications.

The device is now quite stable and reliable on a daily basis, but

there are still occasional shifts in calibration which will require more

study.

B. Surface Catalysis and Exo-Electron Emission

This program is an outgrowth of our earlier studies of gas-

surface interactions with the mass spectrometer. We have shown that as

soon as catalytic oxidation of CO, H
2
or NH

3
begins (on hot platinum)

there is emission of nonthermal exo-electrons. This "exo-electron"
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emission can be used to monitor the rate of catalysis. Suppression or

enhancement of this exo-electron emission results in an increase or de-

crease of the rate of catalysis itself. A revised paper on this topic

has been submitted to the Journal of Catalysis.

In the last six months we have begun looking at the catalytic

reaction of NO with CO over hot monel. Monel is the candidate metal for

a reactor to remove N0x from automotive exhaust gases and we have demon-

strated that the rate-of-reaction can be monitored in terms of the exo-

electrons emitted by the catalyst. Typical recent results are shown in

Figure 1, the details of our experimental system and the studies of H2 ,

CO and NH
3

are discussed in Mr. Tamjidi's MS thesis which is attached as

an appendix. We expect to continue this study to gain more understanding

of the mechanism of catalysis.

There are a number of applications of this technique in industry.

On 9 June 1972 S. A. Hoenig will visit the G. M. Research Laboratories in

Warren, Michigan to discuss the use of this catalyst monitoring system in

the control of automotive emissions. This is a direct example of the

commercial and industrial applications available to American Industry

from the Space Program.

C. Analysis of Soil Samples by Means of Exo-Electron Emission

One of the major objectives of the planetary landing experiments

has been the analysis of rock and gravel type materials. Many techniques

have been investigated, but a need for new instruments, of a simple type,

still exists. In view of this interest in soil analysis we have been
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investigating the possibilities of analyzing soil samples for their silica

content by heating or grinding the sample and observing the exo-electron

emission. Typical results for the heating technique were reported in our

last six month report, where it was shown that a correlation existed

between the silica content of industrial materials and their exo-electron

emission during the heating cycle.

In the last six months we have continued this work to demonstrate

a correlation between the rate of grinding in a ball mill and the exo-

electron emission current. The apparatus is shown in Figure 2. Typical

data is shown in Figures 3 and 4. The parallelism between the curves of

Figure 3 and 4 indicates that the rate of grinding can be measured by

observation of the exo-electron current generated during the grinding

process.

Other studies of the exo-electron emission from freshly ground

industrial materials was obtained with the apparatus shown in Figure 5.

In this case the dust from a ball mill was drawn off and deposited on a

200 mesh screen. The exo-electron current from the dust was measured

both during deposition and after deposition ceased. Typical results are

shown in Figure 6, note that the emission from rock salt decays almost

immediately when deposition ceases. In contrast the emission from

ground silica decays only very slowly. This is shown more clearly in

Figure 7 where the electron emission from a silica containing mineral

and from pure silica was monitored for many hours.

We have suggested that this slow decay is characteristic of silica

and may be related to the silicotic interaction of silica with human lung
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tissue. These applications are being evaluated by the pertinent Federal

agencies.

D. Other Activities in the Laboratory

The ARPA-sponsored studies on the relationships between fatigue

and subsequent exo-electron emission are continuing, with Air Force sup-

port. We have shown if a metal is fatigued to some fraction of its total

life and then heated gently, it will emit exo-electrons. This electron

current can then be related to the fatigue history of the specimen. We

have also developed an exo-electron system for scanning along an air-

craft structure to detect cracks or crack growth during flight. This

technique has been extended to the monitoring of stress relief annealing

processes. The results of these studies have been submitted for publica-

tion (publication 17). It is important to note that the NASA program has

benefited by the ARPA-Air Force study and conversely the NASA studies

reported above have made use of apparatus purchased on other programs.

Another example of this interaction is the continuing use of our Quad-250

mass spectrometer on loan from JPL through the courtesy of Dr. Charles

Giffin. The instrument has been used on two NASA programs and the results

in the area of catalysis are a contribution in the struggle to alleviate

automotive air pollution.

Another use of laboratory facilities occurs in connection with

two courses taught by Professor Hoenig in Electronics and Instrumentation

for graduate students in the Zoological, Geological and Medical Sciences.

These students use the laboratory and its apparatus for demonstration and
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simple projects. This would be impossible without the long term support

that we have received from NASA.

The laboratory is still used occasionally by members of the

University of Arizona Lunar and Planetary Laboratory. At the moment we

are working with the LPL on the design of a Saturn probe. This experi-

ment would concern itself with the analysis of the Ring Structure using

the detectors for water vapor and ammonia that were developed in our

laboratory. We feel that this use of NASA supported facilities by

another NASA funded project is an important example of how research funds

can be conserved by the joint of use of facilities.

III. PERSONNEL

Students who have been supported by the grant and their present

activities are listed below:

1. Donald Collins, M. S., 1963, Ph.D.; California Institute
of Technology, September 1969. Presently Research
Associate, CIT.

2. George Rozgoni, Ph.D., 1963; Senior Staff Member, Bell
Telephone Laboratories, Murray Hill, New Jersey.

3. Donald Creighton, Ph.D., 1964; Professor, University of
Missouri, Rolla. (Partial NsG-458 support.)

4. Col. C. W. Carlson, M. S., 1965; Active Duty, U.S. Army.

5. Melvin Eisenstadt, Ph.D., 1965; Professor of M. E.,
University of Puerto Rico, Mayaguez, P. R.

6. John Lane, M. S., 1968; Philco Ford Company, Tucson.

- 7. William Ott, M. S., 1970; Burr-Brown Research, Tucson.
(Partial NASA support.)
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8. Richard Pope, M. S., 1970; Hewlett-Packard Corporation,
Palo Alto, California.

9. Robert Goetz, M. S., 1972; North American Rockwell
Corporation, Los Angeles, California.

10. Freedoon Tamjidi, M. S., 1972; Ph.D. candidate University
of Arizona.
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PREFACE

Heterogeneous catalysis is a well known phenomenon. In almost

all gaseous reactions there are substances which increase or decrease

the rate of reaction but do not themselves undergo any permanent change.

Substances of this type are called catalysts and their industrial

importance has generated a great number and variety of research pro-

grams. However, to date there is no general theory which explains the

complete process of catalysis and why some catalysts accelerate a

particular reaction and others do not.

In this study the oxidation of several gases (H2 , NH3 , CO) was

-6
catalyzed on a platinum filament at very low pressures, (10 torr).

During the reaction exo-electrons were emitted by the catalyst and this

emission was related to the rate of reaction, which was monitored by a

mass spectrometer.

Exo-electron emission is a general term for any form of

electron emission other than the usual thermal, photoelectric or field

emission effects. Exo-electron emission occurs whenever a solid sur-

face is disturbed by alloying, sintering, grinding, melting, annealing,

a phase change or oxidation. A survey of this phenomenon was done by

L. Gruenberg in 1958. In a catalytic process one or more of the reac-

tants are adsorbed by the catalyst. The idea of relating exo-electron

emission to catalysis follows from the work of T. Delchar who observed

that adsorption of oxygen by nickel induced exo-electron emission. If

iii
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adsorption occurs before catalysis, one might expect electron emission

to occur during catalysis.

Another reason for expecting that there is a connection between

exo-electron emission and catalysis comes from the work of V. J. Lee and

W. Hsu in 1967. They showed that the frequency of an AC electric field

could affect the rate of catalysis of benzene to cyclohexane over brass.

Lee found similar results in oxidation of carbon monoxide over nickel

oxide. The rate of conversion was a maximum for frequencies between

100 and 200 Hz at 22,000 volts. Also in 1967 Sato and Seo observed a

linear relationship between exo-electron emission and the rate of oxi-

dation of ethylene over AgO. This phenomenon is thought to occur in

many catalytic relations and it was the hope of developing a monitoring

technique that led to this study.

Beyond merely monitoring catalysis one would hope to actually

control the rate of reaction, perhaps by means of an external electric

field. The phenomena involved are not yet clear but electric field

effects on semiconductor adsorption are well known. In 1963 F.

Volkenstein presented a theory explaining how one might expect adsorp-

tion and catalysis to be effected by electric fields because of bending

of Fermi level at the surface. This theory was valid only for semi-

conductor catalysts. Hoenig and Lane experimentally verified that

electric fields can effect adsorption of oxygen on zinc oxide.

At the moment no theoretical connection between metallic

catalysis, exo-electron emission and electric fields has been offered.

We shall suggest that catalysis induces surface mass migration of the
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catalyst itself and this results in exo-electron emission. If this

surface migration is affected by external electric fields this would

explain our results. At the moment this latter idea is pure speculation.

The author is deeply indebted to Dr. Stuart A. Hoenig for both

the initial conception and his continuous support of this project. Dr.

Hoenig's generous contributions in assistance and scientific advice

were invaluable.

The author would also like to thank Mr. Christian W. Savitz

for his technical assistance in building the apparatus used in this

study.

This program was supported by the National Aeronautics and

Space Administration under Grant No. NGL 03-02-019.

The author would also like to thank Dr. Charles L. Thomas of

Tempe, Arizona and Dr. William R. Salzman, Assistant Professor in

Chemistry at The University of Arizona, for their suggestions.
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ABSTRACT

Exo-electron emission was observed during catalytic oxidation

of CO, H2 , and NH
3
on hot platinum. The emission current was used to

monitor the rate of reaction. It was shown that suppressing or enhanc-

ing the exo-electron current decreased or increased the rate of reaction.

- - -



CHAPTER 1

INTRODUCTION

Human knowledge and use of catalysis dates to the beginning of

history. One of the earliest observed reactions was a biocatalytic

process, alcoholic fermentation [1]. This is believed to have occurred

at the beginning of the Neolithic period which is considerably earlier

than the discovery of the metallurgies of'bronze and iron.

In the 19th century rigorous studies by scientists like Kirch-

hof, Thinard, Davy, Dobereiner and Dulong demonstrated that some sub-

stances were capable of starting or speeding up reactions in a gaseous

or liquid media, simply by their presence and without themselves under-

going any changes [1]. In 1836, Berzelius grouped together the first

scientific data on such substances and gave them the name catalysts.

He concluded as follows: "It has been proven that a number of simple

and composite soluble and insoluble substances possess the property of

exercising upon other substances an effect quite different from chemical -

affinity. By means of this effect they produce decomposition of the

elements of these substances and different recombinations of the same

elements, from which they remain separate [in Prettre, 1, p. 2]."

Throughout the 19th century discovery of new catalysts depended

on pure chance and progress in this area was limited due to lack of

knowledge of the 1aws of chemical reactions and especially to the role

of catalyst poisons.

1
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Chemical kinetics was founded between early 1880 and 1900 by

investigators such as van't Hoff and Arrhenius. The precise study of

catalytic reactions and analysis of their mechanisms did not really get

under way until the decade between 1920 and 1930.

In 1927 Taylor suggested that catalysis took place at certain

locations on the surface which he called "active sites." He was not

able to explain the exact process occurring at these sites [in 2].

Later works showed that there was no general relationship between these

sites and visible surface features, and the true existence and nature

of "active sites" is still a matter of conjecture. Since 1927 new cata-

lytic syntheses and transformations have been discovered at an increas-

ing rate. The synthesis of methanol, the synthesis of liquid fuels,

petroleum chemistry, synthetic rubber, plastics and resins are a few

examples of such catalytic syntheses.

As a result of years of research and investigation, vast

amounts of data and a number of theories on catalysis have been pre-

sented, but no theory has been generally accepted. Nevertheless, these

concepts and results form the basis of the science of catalysis today.

It is important to investigate the possibilities of monitoring and

controlling a catalytic reaction and to study any parameters that may

influence the rate of reaction. It will be shown that exo-electron

emission at the surface of the catalyst can be used to monitor the rate

of reaction. This phenomenon was also used to study the diverse ef-

fects of increasing or decreasing the exo-electron emission level, on

the steady state rate of a catalytic reaction.



CHAPTER 2

DEFINITIONS

Assuming there is no catalytic intervention, chemical reactions

can be divided into two groups. The first are reactions that do not

involve a chain mechanism. When they occur in the presence of a cata-

lyst they display certain properties that are grouped under the title

of true catalysis. These reactions can only be accelerated, i.e.,

catalyzed, as defined above by Berzelius. The second group consists of

chain reactions whose rates are very sensitive to the presence of

certain catalytic substances. Such reactions, unlike the non-chain

reactions make up the generalized concept of catalysis [1]. Both chain

reactions and reactions under the heading of true catalysis normally

involve several chemical steps before the final stage of the reaction

system. In chain reactions, under certain experimental conditions, the

initial step produces very unstable, but very reactive, atoms or free

radicals. These species react with the molecules of the system to pro-

duce the final product and to generate more atoms or radicals that

behave the same way.

Stages involved in true catalysis, however, occur successively

and the slowest one determines the rate of the overall reaction. In

true catalysis several reactions occur in series before the final

product is formed, but in chain reactions several reactions, all
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producing the final product, occur simultaneously in parallel. To

accelerate the overall reaction in true catalysis, the slowest process

can be replaced by a sequence of more rapid steps that are not possible

without the presence of the catalyst itself. A catalyst must meet this

condition, otherwise it is inert for the reaction.

True catalysis can be further divided into two different

eategories: homogeneous catalysis and heterogeneous catalysis, depend-

ing on whether or not the catalyst and all the reactants belong to a

single phase. The most common examples of heterogeneous catalysis are

those in which the reactants are either gaseous or liquid in the pres-

ence of a solid catalyst.

It is interesting to note that reaction at the surface of a

solid catalyst is usually much more rapid than at any other point

throughout the rest of the fluid system, even though the molecular

collision rate per unit area at the surface of the catalyst is much

smaller than the rate in the other parts of the system. This is due to

the fact that the catalytic reaction rate at the surface of the catalyst

does not usually depend upon the collision rate. In the gas phase, the

reaction rate for the rest of the system is a function of collision

rate. For a second order reaction (a reaction in which the rate is

proportional to the second power of the concentration of a reactant)

the rate varies directly with the collision rate [3].

For a biomolecular reaction, the surface collision rate is

approximately 1012 times slower than that in the gas. For an acceler-

ating effect to take place, a process of chemical nature must take place
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at the surface involving the catalyst and the catalyzed material. Such

processes, which result in new chemical bonds between the separate

reactants and the surface of the catalyst, are called chemical adsorp-

tion or chemisorption. It is usually stated that in order for a

catalytic reaction to take place one or both of the reactants must be

adsorbed. It is on this basis that we say adsorption must precede

catalysis. Since the adsorption step is the rate limiting one in most

heterogeneous catalystic reactions the study of adsorption is intimately

related to any investigation of catalysis. The number of chemisorbed

atoms or molecules is usually only a small fraction of the number of

physically adsorbed molecules but their removal from the solid involves

strenuous reduction and outgassing techniques. Experiments have shown

heats of chemisorption to be comparable to heats usually involved in

chemical reactions. -



CHAPTER 3

KINETICS OF CATALYSIS

In a heterogeneous catalytic reaction involving gases, the

reaction rate may be a complex function of the reactant pressures and

temperatures as well as the catalyst properties. Several mechanisms

involving these parameters are discussed below.

Diffusion Theory of Nernst

In 1904 W. Nernst argued that equilibrium is reached very

quickly at the interface between the metal catalyst and the gaseous

reactants. He also postulated that the rate of any chemical change

occurring at the surface depends primarily on the rate of diffusion of

a reactant (or reactants) to the phase boundary [in 4].

In 1906 M. Bodenstein and C. G. Fink [in 4] explained that

catalytic oxidation of sulfur dioxide to sulfur trioxide, (the oxide of

sulfur used to make sulfuric acid, an important industrial chemical)

through Nernst's diffusion theory. In fact, they obtained data which

showed that the rate of production of sulfur trioxide was indeed a

function of diffusion rate, the initial concentration of sulfur dioxide

and the amount of sulfur trioxide formed. They further explained that

the rate of reaction was determined by the diffusion of the sulfur

dioxide to the catalytic surface through a gaseous layer of sulfur

trioxide.
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Langmuir-Hinshelwood Mechanism

Langmuir suggested that in order for two molecules A and B to

react they must be adsorbed on adjacent sites [in 4], also referred to as

"active centers." This is known as an adjacent interaction or adjacent

adsorption mechanism. Assuming that the velocity of reaction is depen-

dent on interactions occuring in the adsorbed layer, and not by rates

of adsorption and of desorption, then the rate should be proportional

to eA eB where A and 0B are the fractions of equivalent sites coveredA B A B

by substances A and B respectively. In this case, the rate R is given

by

R = K 9A B (R=KO 0 ~~~~~~~~~(1)A B

where K is a constant. Now if A and B are functions of the pressure
A B

of "A" and "B" it follows that,

R = K k k2 P (2)
1 2 A B

where k and k 2 are constants and PA and PB represent the partial pres-

sures of gases A and B respectively.

Equation (2) is generally valid for e A<< 1 and B<< 1, i.e.,
A B

both reactants are weakly adsorbed. From Equation (2) it is apparent

that for the case of strong adsorption of both reactants, the rate of

reaction depends directly on how much each or both reactants are

adsorbed. Equation (2) also suggests that when neither reactant is

strongly adsorbed the rate depends on the partial pressures (concentra-

tions) of the reactants.
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Another case exists when gas A is weakly adsorbed (0A<< 1) and

gas B is strongly adsorbed (O
B

1). For this case R is given by

R = (K kl/k2 ) (pA/p3)
1 2 (A/ B

This indicates that as PB increases, more sites are covered by B mole-

cules. This leaves fewer sites available for A molecules and the net

effect is a decrease in reaction rate R. In a later work, (in 4],

Hinshelwood supported Langmuir's theory for reactions on metals. He

concluded that Langmuir's equations, based on adsorption theory, gave

an adequate description of the kinetics of surface catalysis. He also

suggested that the catalyst surfaces contained centers of activity

(active sites) but that the surfaces were not as uniform as Langmuir

had assumed. In fact, it appears that the adsorption sites for two

different gases are not the same. The blocking effect suggested by

Langmuir (Equation 3) does not usually occur. Here again we must note

that true nature and existence of such sites is still under study.

Absolute Rate of Heterogeneous Catalysis on Metals

In 1931 B. Topley proposed that the rate of reaction involving

a single gas adsorbed on a metal surface, would be given by:

R = F n exp(- E'/RT) . (4)

-2 -1
Where R is the gas constant in molecules cm sec , n is the number of

2
molecules adsorbed per cm and F is the frequency factor, taken equal

to 12 -
to 10 sec Equation (4) is an application of the Arrhenius equation.
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The term F exp(- E'/RT) is just the Arrhenius rate constant for a sur-

face reaction with activation energy E', [3]. E' is the difference in

energy between a transition state on the surface, E*, and energy E of

an adsorbed molecule of the reactant on the surface. A transition state

refers to the state of molecule in which a bond is in the process of

being broken or formed. This molecule is often referred to as the

activated complex. For molecule A to be converted to B it is necessary

for it to be activated to energy E* (activated complex). This is true

for the reverse reaction as well. Only collisions with energies equal

to or greater than the activation energy result in a reaction. For this

reason fast reactions generally have very small activation energies. In

this case almost every molecule that arrives at the surface reacts and

the reaction rate is limited only by diffusion. Topley's equation can

be applied to surfaces of known area and uniform activity [in 4].

For zero order reactions (reactions in which the rate is

115 -2independent of the gas pressure, e 1) Topley let n = 10 cm which

is the number of molecules in a close-packed monolayer. He then found

E' experimentally for several reactions and observed a result very close

12 -lto those calculated by the use of Equation (4) with F = 10 sec

He found similar results with first order reactions (reactions

in which the rate is proportional to partial pressure of a reactant) in

which he found n as a function of pressure and temperature befor apply-

ing it to Equation 4.

Many other theories have been suggested to explain mechanisms

involved in specific catalytic reactions. Presently, however, there
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are no explanations available that could be applied in a complete

fashion to aZZ catalytic reactions. Design of catalysts is still a

black art today simply because catalysis itself is not well understood.



CHAPTER 4

METAL CATALYSTS

Proposed Theories of Catalysis by Metals

Catalysis by metals has been described by many investigators in

terms of the electron theory of metals. There are also proposed expla-

nations relating the behavior of semiconductor catalysts to metal

catalysts. Volkenstein wrote: "In most cases a metal is enclosed in a

semiconducting coat and the processes which apparently take place on

the surface of the metal actually take place on the surface of this

semiconducting coat, whereas the underlying metal frequently takes

practically no part in the process [in Volkenstein, 5, p. 156]."

Formation of such a layer on the catalyst surface may explain

the effect of electric fields on the reaction if it is treated as a

semiconducting layer on the metal surface. Volkenstein [5] argues that

applying an electric field of the proper polarity to a semiconductor

-layer of thickness L, could have the following effects: the concentra-

tion of electrons on one of the surfaces (x = o) would be increased and

the hole concentration lowered, i.e., the Fermi level would be displaced

upwards. Similarly at x = L, the electron concentration would be lowered

and the hole concentration raised, i.e., the Fermi level would be dis-

placed downwards. This effect would increase the adsorption capacity

for electron acceptors at one surface (x = o) and decrease it at the

., 
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other (x = L). This effect was demonstrated by Hoenig and Lane [6].

Since adsorption precedes catalysis it is expected that the catalytic

activity of the specimen must also change, which in turn would change

the rate of reaction. This theoretically expected effect has not been

examined experimentally.

Roginski presented a new quantum mechanical approach to gas-

metal catalysis and about the same time E. K. Rideal and 0. H.

Wansbrough-Jones discovered that the activation energy E for oxidation

of platinum, tungsten and carbon, was related to the work function ~ as

- E = constant [in 4, p. 126].

Rideal [in 4, p. 127] suggested that during adsorption, the

reactant molecules enter the intrinsic field of the metal surface and

are deformed. This deformation would increase the potential energy of

the system and thereby promote the reaction. He further proposed that

this source of potential energy lowered the required activation energy

permitting the transfer of an electron from the adsorbent atom to the

adsorbate atom. Rideal, however, failed to clarify how deformation of

adsorbate molecules due to adsorption causes them to gain potential

energy.

Another well known theory for metal catalysts is the d-band

theory of Dowden [ 7]. He noted that most common metal catalysts are

all transition elements. These elements have incomplete valence bands

possessing electron vacancies. This property enables these metals to

take electrons furnished by adsorption of an ionized molecule. They

can also provide electrons for molecules with strong electronic affinity.

/
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Any process affecting the number of "electron vacancies" in these

metals changes their adsorption properties. Producing dislocations in

the metal or any other disturbance in the crystal lattice, changes the

position of energy bands. Introducing impurities into the crystal

lattice by substitution or insertion also changes the chemisorptive

properties [4].

Catalysis over metals involves the adsorption of the reactants

involved. From this point of view it is interesting to observe some of

the effects of adsorption on metal surfaces. In 1954 Shurman [in 1]

found that metallic films exposed to various gases exhibited changes in

their electrical resistance and photoelectric sensitivity. When an

easily ionized material is adsorbed, at least one electron is taken up

by the adsorbent phase. This increases the electron density in the

adsorbent; the electrical resistance is reduced; and the photoelectric

sensitivity is increased. The situation is reversed when the material

being adsorbed has a much higher electronic affinity. This results in

removal of electrons from the solid. The variations in this case are

exactly opposite to those observed in the previous case. The resulting

ions in both cases are held to the surface by the reduced image forces.

Shurman also examined the case when a covalent bond is formed.

This case occurs when the difference in electronic affinity is not high

enough for complete removal of an electron from one of the two phases.

Instead a covalent bond is formed which immobilizes the electrons on

the adsorbent phase on the surface. In this case the photoelectric

sensitivity and the electrical resistance of the adsorbent are increased.
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Surface Mobility of Metal Atoms

Experiments have shown that certain gas reactions and gas

adsorptions on metal surfaces induce mobility of the metal atoms. The

tendency for such mobility seems to be much higher when thin metal films

are used.

In 1908 Turner [in 41 performed an interesting experiment in

Which he heated a thin film of silver and exposed it to various gases.

The silver film was first heated in vacuum to 500°C. There was no

observable change. The same procedure was repeated in the presence of

oxygen at 15 torr pressure and the film turned into a white powdery

material with much smaller bulk even though neither the weight of the

film nor the volume of the oxygen had changed. Turner suggested that

the finely divided silver was at equilibrium with its oxide in a

"peculiar amorphous fashion."

Thin films exhibit mobility in vacuum at temperatures far below

the melting point of the metal [4]. In 1917 Andrade showed that sur-

face mobility occurs above a critical temperature which depends on the

thickness of the metal film. He also concluded that the gas like layer

might be one or more atoms thick. Copper has been shown to form dif-

ferent patterns on its various crystal surfaces when exposed to

different ambient gases.

Diffraction pattern observations by Swanson and Bell [8] showed

that oxygen contamination of platinum was nearly impossible to remove.

They also concluded that adsorption of oxygen on platinum caused rear-

rangement of the top layer of platinum atoms (the rearrangement of
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atoms was actually observed by field ion microscopic techniques). The

same phenomenon did not occur in adsorption of carbon monoxide, cesium,

hydrogen and nitrogen. It is suggested that such a rearrangement may be

the source of exo-electron emission during catalysis. Swanson and Bell

did not mention whether such a rearrangement occurred continuously

during oxygen adsorption or whether it took place at the beginning of

exposure and remained in a steady state condition the rest of the time.

Platinum Catalysts

Platinum in a nearly pure form, or alloyed with a small quan-

tity of another metal, is a good catalyst in oxidations, hydrogenera-

tions and dehydrogenations. Platinum may also be used as a supported

catalyst. This means that a small quantity of platinum along with a

carrier substance is deposited on a substance like alumina which is the

support. The alumina is then heated to activate the deposited catalyst.

This support technique is usually used because of the very high cost of

the metal, but there may be catalyst-support interactions which result

in improved properties. Silica gel is often used as a platinum support

for industrial oxidation of pure sulfur dioxide because it produces an

effective surface area ten to twenty times greater than alumina [4].

Pure platinum in the shape of a very fine gauze is the sole catalyst

used today for high temperature oxidation of ammonia to nitric oxide.

This was one of the reactions investigated in this study.
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Platinum catalysts have to be activated by various methods de-

pending on the reaction they are going to be used in. High temperature

heating in ultra high vacuum is often used to evaporate certain impuri-

ties off the surface. Other impurities diffuse deep into the bulk of

the catalyst where they do not interfere with the processes occurring

at the surface during catalysis. Carbon impurities are removed by pro-

longed high temperature exposure to oxygen at low pressures.

Microscopic examination of the surface after a prolonged high

temperature treatment reveals that pits and grooves have replaced the

originally smooth surface. This type of surface has a much higher

catalytic activity than the original smooth surface, [4].

Surface reduction by hydrogen is also used to clean the sur-

face. Positive ion bombardment is another method that is sometimes

used to activate the surface. This process produces defects on the

surface and sputters off the impurities. 200 - 600 ev ions are used

in a background gas of argon at .025 torr.

It is very important to "activate" or "clean" the catalyst

surface of all impurities. Some impurities act as "poisons" that

partially or completely block the catalytic process. Lead and espe-

cially sulfur, are well known catalytic poisons. Less than a monolayer

of sulfur may completely neutralize platinum of its catalytic proper-

ties. This is the phenomenon which led to the belief that catalysis is

a localized process (active sites) and does not occur uniformly over

the whole surface.
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More research is needed to investigate the mechanisms by which

these poisons neutralize a catalyst. Clarification of such mechanisms

may yield a better understanding of catalysis itself.



CHAPTER 5

DESIGN OF EXPERIMENTAL SYSTEM

Vacuum System

The vacuum system consisted of a Varian type stainless steel

chamber with copper gaskets, a Welch Duo-Seal rotary mechanical pump,

a 300 watt. Consolidated Vacuum Company oil diffusion pump, a 50 liter/

second Varian Vac-Ion pump, a Consolidated Vacuum Company Pirani

vacuum gauge for pressure above 5 microns, and a Vacuum Industries dis-

charge vacuum gauge for monitoring low pressure ranges (Figure 1).

The system was first pumped down by the mechanical pump to a

pressure of .05 torr at which point the oil diffusion pump was turned

on. After the components inside the vacuum system had outgased, the

diffusion pump brought the pressure down to the Vac-Ion pump range,

-4
about 10 torr. At this stage the Vac-Ion controller was turned on

and the system was isolated from the diffusion pump by means of a high

-7vacuum valve. After 12 hours, pressures at or below 10 torr were

achieved with no bake out of the system..

The vacuum chamber contained the ionizer assembly of the Quad

250, the filament assembly, and the electron collector screen. The

Vac-Ion pump and the reaction chamber were connected in such a way that

the opening of the pump was not in a direct line with the electron

collector. Tests were made to see if ion pump operation affected the

electron measuring system. Results were negative.

.I 0L
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Mass Spectrometer

An Electronics Associates, Incorporated Quadrupole 250 residual

gas analyzer was used to monitor the concentrations of gases and ions

present in the system. The relative concentrations were displayed on a

HP-130C oscilloscope as amplitude versus m/e ratios (peaks). The mass

spectrometer could be adjusted to continuously scan any number of such

peaks in the range of mass numbers 1 to 50. The output of the mass

spectrometer was recorded on film or a chart recorder. Figure 2 shows

a typical scan of mass numbers from 1 to 34.

The Reaction Chamber

The reaction chamber is shown schematically in Figure 3. All

electrical connections into the chamber were made through Varian high

vacuum connectors.

The catalyst filaments were supported by brass terminals and

were isolated from ground by a boron nitride support. Three filaments

were installed at a time to avoid frequent pump down of the system in

case of burn out. A chromel-alumel thermocouple welded onto one of the

filaments was used to record the filament temperature. A Hewlett-

Packard 425A DC micro volt-ammeter was used to measure the thermocouple

potential. The output of HP-425A was plotted by a servo-recorder as a

measure of the time variations of temperature.

Exo-electrons from the filaments were detected by a semi-

circular stainless steel screen collector biased at +30 volts. The

currents from the collector were measured by a Keithley 417 high speed

picoammeter whose output was again plotted by a recorder.
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The Quad 250 ionizer assembly was situated such that the

ionizer opening, the accelerator, focussing plates, quadrupoles and the

electron multiplier were directly in line with the catalyst filaments.

This reduced the response time between the start of a catalytic reaction

and the time when the reaction products were observed.

The catalysts were in the form of wires .25 mm in diameter. A

catalyst assembly consisted of three such wires, each approximately 10

cm long, which were twisted together. The catalyst materials were high

purity grade platinum (99.995%), silver and palladium. The gases used

were commercial grade CO, NH 3 , H2 , and 02' taken from standard cylinders.

Power Supplies and Recording Instruments

The catalyst filaments were heated by AC current which was

supplied by a combination of an isolation transformer and a variac.

This allowed the filaments to be biased above or below AC ground. The

filament bias potentials were provided by a Fluke 407D power supply.

Bias voltage could range from "0" (ground) to 600 V DC. Time variation

of catalyst temperature, exo-electron current, and relative peaks of

reaction products (Quad output) were recorded by three Heathkit EUW-20A

servo-recorders.



CHAPTER 6

EXPERIMENTS AND RESULTS

Chemisorption Effects

-The first experimental studies involved oxidation of CO, NH 3

and H
2
with gaseous 0 2' The reactant partial pressures were held at

-6
about 1.10 torr during experiments. The total pressure was also

observed to note any loss of pressure due to overheating of the Vac-Ion

pump.

To investigate the background effects the filament (catalyst)

was grounded and the collector was biased at +30 volts with the pres-

-8
sure at 10 torr. Each of the gases under study was admitted through

-6
a leak valve until the system pressure increased to 10 torr. For

each gas, the platinum filament was gradually heated from 20°C to 800°C.

The mass spectrometer and the picoammeter were used to look for cata-

lytic products and exo-electrons respectively. (It should be noted

-that the mass spectrometer and the picoammeter could not be used simul-

taneously since some ion emission from the spectrometer ionizer was

picked up by the exo-electron collector.) Therefore when making exo-

electron measurements, the ionizer was always turned off.

In these studies no reaction products were observed. However,

there was some exo-electron emission due to changes in the work function

of the filament induced by chemisorption and surface rearrangement [9].
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The effects are shown in Figure 4. Oxygen increases the work function

while hydrogen decreases it. Emissions with NH
3
and CO were lower than

the vacuum level.

Catalytic Reactions

The first catalytic reaction studies was that of oxidation of

hydrogen by oxygen over platinum. This reaction took place even at

room temperature but the rate was very slow. The rate of catalysis

rose sharply as the filament was heated to the operating temperature of

775°C. Figure 5 shows how exo-electron emission followed the rate of

catalysis. Here the rate K is given in arbitrary units* and emission

Ie is given in amperes. K and Ie are plotted as a function of time.

The data on K was obtained by recording the water peak using the mass

spectrometer. Water is the product of the oxidation of hydrogen and

the rate of reaction is directly proportional to its concentration.

Notice that the exo-electron current follows the rate of re-

action and is somewhat erratic until K reaches a steady state value,

at which time Ie drops to a slightly lower level. Similar data was

obtained as the experiment was repeated. It was noted that at higher

filament temperatures it took less time for K and Ie to reach steady

state. Similarly at lower temperatures the time to reach a constant

*The value of (K) cannot be given in absolute units because
the electron multiplier in the quadruple was subject to changes in
efficiency as a function of the ambient gas in the vacuum system. The
efficiency is known to rise in the presence of CO and drop when 02 is
introduced. These long term drift effects do not invalidate our
conclusions.
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level increased. At 800°C it took 7 minutes for K to drop and Ie fell

to the lower level. At 700°C a longer time (15 minutes) was required.

It seemed that once the steady state condition was achieved,

the system was quite stable. A variation of catalyst temperature by

± 50°C did not appreciably effect K or Ie.

Figure 6 shows similar results for oxidation of CO. Notice the

surge in both K and Ie as the filament is turned off. This is not an

electrical transient effect. The heating current was observed on an

oscilloscope to check for any transient effects or surges at the time

when the filament was turned off. All tests were negative and at a

later point we shall suggest that this "cooling" surge is due to sur-

face mass migration as the catalyst cools off. At this point we will

only comment on the almost linear relationship between the rate of

reaction (K) and the exo-electron current Ie.

The qualitative behavior in oxidation of CO was very similar

to that of oxidation of H2 . In Figure 7 results of the catalytic

oxidation of NH
3

are shown. Here again exo-electron emission follows

the reaction. The "cooling" surge was observed again. This phenomenon

seemed to occur whenever the catalyst was cooled down to room tempera-

ture from its operating temperature, and we must note that the decay

time is much too long for it to be a switching transient. It will be

noted later that the form of the curve decay following the surge was

effected by changes in the filament bias. It will be suggested that

surface mass migration is responsible for the "cooling" surge in exo-

electron emission, [9].
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Temperature Effects

Figure 8 shows the effect of changing the operating-temperature,

for different reactions under identical conditions, on the reaction rate

K and the electron current Ie. The reaction under study was oxidation

of ammonia. This data demonstrates the possibility of following a

reaction by exo-electron current. (Thermal effects occur at tempera-

tures above 800°C.) It must be noted that rate of heating effected the

overall activity of the filament and the rate of cooling changed the

form of the final decay. To avoid this difficulty the filaments were

turned on and off with a snap switch to decrease the heat up time.

Slow warm up of the filaments decreased the activity of the catalysts.

This phenomenon was also reported by Bernstein, Kearby, Raman, Vardi,

and Wigg, in oxidation of NOx over monel [10].

Activation Energy Comparison

For relatively small temperature ranges, dependence of rate

constant on temperature is given by an empirical equation proposed by

Arrhenius, [in 3],

k = A exp(- E /RT)
a

where A is the frequency factor also known as the pre-exponential

factor and E is the activation energy. The above equation can be

written as
written as

Log k = - Ea/(2.303 RT) + Log A (5)
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Since K values recorded experimentally are all relative, let

k = f K (6)

where f is a constant. Then,

Log K = - Ea/(2.303 RT) + Log A - Log f (7)

or

Log K = - [EaK/(2.303 R)] [1/T
K
] + Constant . (8)

aK/ K]

Similarly,

Log Ie = [- Ea e/(2.303 R)][l/Te] + Constant . (9)
ale Ie

It must be noted that f is also a function of concentrations of

reactants of the reaction in question. Dependence of f on concentra-

tion varies with the order of the reaction.

Equations (8) and (9) were used to produce the Arrhenius plots

shown in Figure 9 for both K and Ie. The data was obtained from the

plots in Figure 8 for temperatures between 583°C and 986°C. Slope of

each line represents the activation energy of the corresponding process.

Activation energies of the two processes involving K and Ie respectively

-1
were calculated to be 7.3 and 8.1 kcal mole respectively, clearly very

close in magnitude. This is of importance if one process is related to

the other.
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Turning to other experimental results we should note that

throughout this text whenever a particular effect is reported with the

oxidation of CO, H2 , or NH3 , the same effect is seen in experiments

with the other two gases. If the results are qualitatively similar,

the matter is not discussed any further. However, any significant

differences are reported in the text.

Electric Field Effects

In the early experiments on electric field effects, the cata-

lyst was biased to enhance or reduce electron emission to see what

effect, if any, there was on catalysis. The catalyst was heated to

its operating temperature (770°C) and then biased to ±28 volts. The

data indicated that changing the bias voltage in the middle of a

reaction changed the value of Ie but the value of K was unaffected. A

different effect was observed when the filament was biased before the

catalyst was heated. This is shown in Figure 10 for oxidation of CO.

A -28 volt bias increased both Ie and K over the no bias values while

a +28 volt bias decreased both Ie and K below the no bias values. It

should be noted that the positive bias potential was not nearly as

effective in lowering K as the negative bias was in increasing it. The

no bias K value is much closer to the K = +28 level than the K = -28

level, and it was not shown to avoid confusing the figure. Figure 11

shows more detailed data on the effect of filament bias voltage on K.

Bias voltage was changed each time the filament was cooled to room

temperature (approximately 20°C). Then the catalyst was heated to 770°C

and held there until K reached a steady state level. At this time the
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filament was cooled back to 20°C. The data showed that for higher

negative potentials K increased rapidly when the filament was turned

on and died out quickly when it was turned off. The pulse occurring at

cooling was much steeper and stronger. At low voltages however, (-30V)

the rise occurs much more slowly and the decay is significantly longer.

Other experiments showed that small positive filament bias

voltages (+28V) reduced K slightly whereas higher positive voltages

(+80V) did not have noticeable effect. It must be noted that the exo-

electron emission current at (+80V) was nearly down to zero.

There was evidence that when a filament was positively biased

during a reaction it was conditioned such that the effect was carried

on to the next reaction also. In other words, a filament which was

used previously in a catalytic reaction with a positive bias was less

active than a filament which was previously either grounded or nega-

tively biased. We suggest that positive bias can condition the fila-

ment against catalysis. This effect is shown in Figure 12. Here K

was plotted against time for three consecutive runs. It must be noted

that the plot shows only the time during reactions and the filament

heating time after the second reaction is not shown. The reaction

under study was oxidation of CO. The filament was first biased at +30

volts to retard exo-electron emission. It was then cooled to 20°C and

-30 volts was applied. The increase in K was significantly lower than

that usually observed at -30 volts. It is suggested that the positive

bias had somehow "formed" the catalyst into an ineffective state. The

catalyst was then annealed by heating at 950°C in vacuum without any
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applied potential for one hour and cooled down to room temperature.

The same experiment was repeated with -30V bias, (K) increased to its

normal level at this potential.

One study was done to determine if the emitted exo-electron

current had a complex energy spectrum. This spectrum might be related

to the presence of "activated complexes" as reaction intermediates,

[ 9]. To do this, the filament was turned on with no bias and the

reaction was allowed to stabilize. Then the filament voltage was in-

creased very slowly in steps to +33V. The exo-electron current mono-

tonically decreased as the filament voltage increased. No structure

other than capacitive switching effects was observed in the Ie versus

voltage curve. One would expect that the intermediate active states

involved in a catalytic reaction would emit electrons at characteristic

energies. If these states existed in this reaction they should have

appeared as discontinuities in the plot of bias versus Ie. The results

were negative.

Effects of Removing One of the Reactants

The next group of experiments involved shuting off one of the

gases, either the oxidizing gas (02), or the reducing gas (CO, NH3 , H2 ),
23 2

after the reaction reached steady state. The electron emission levels

were recorded and compared with the three gases. The resulting data is

shown in Figure 13. It is clear that presence of oxygen alone lowered

the emission substantially. Electron current level with both reactants

present is higher than that with only oxygen present. This may be due
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to formation of an adsorbed oxide layer at the surface which changes

the work function of the metal surface.

Further study was made to see if highly oxidized catalyst was

more active than a reduced catalyst. To do this, a platinum filament

-6
was heated in ammonia at 900°C for 5 hours at a pressure of 2 x 10 mm

Hg. This was done to reduce (clean) the surface of all oxides. The

filament was then cooled down to room temperature. After 30 minutes of

cooling, the filament was heated up again to 700°C in ammonia at a

-6
pressure of 2 x 10 mm Hg., and the waterpeak (one of the products of

oxidation of ammonia) was recorded. It must be noted that the only

oxygen present in the system was part of the background gas, approxi-

mately 1 x 10
- 7

torr, while ammonia was constantly being fed in.

The same experiment was repeated except that the initial heat

-6
treatment at 900°C was done in oxygen at 2 x 10 mm Hg., instead of

ammonia. It was observed that the filament was approximately 5 to 10

percent more active after being treated in oxygen.

Oxidation of Alcohol Over Silver

Another reaction examined in this study was oxidation of

alcohol over silver. The reaction started at about 200°C. The optimum

temperature was about 560°C. The length of time to reach steady state

depended on the filament temperature as was the case with platinum.

The catalytic activity seemed to vary greatly with:

1. The length of time before.the previous reaction.

2. Ratio of mixture.

3. Pressure.
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There was also evidence that longer "rest periods" between

reactions increased activity. This was also true when the filament

was heated in oxygen and cooled again before the reaction.

Two consecutive reactions seldom showed identical activities

although corresponding test runs of two different sets of experiments

showed similarities in behavior. Due to this property it was very

difficult to keep all parameters constant in order to study the effect

of electric fields on the filament's activity.

Comparison of Activity in Platinum and Palladium

Final phase of this study involved comparison of the catalytic

activities of platinum and palladium. It was pointed out earlier that

some of the theories relating catalysis to crystal geometry had failed

since similar geometries did not exhibit similar catalytic activities.

Eight runs were made for each filament at various temperatures. Oxi-

dation of hydrogen was monitored and the steady state H20 level was12

recorded for each run. The data is given in Figure 14. As expected,

the platinum filament had higher activity. This was the case for all

gases tested.
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CHAPTER 7

DISCUSSION AND CONCLUSIONS

Exo-electron emission can clearly be used to monitor the rate

of certain reactions. A linear relationship between exo-electron

emission and oxidation rate of ethylene over silver oxide was reported

by Sato and Seo [11]. Although emission level in our study was not

significant for slow reaction which took place at or near room temper-

ature, it was definitely a measurable quantity varying very nearly in

the same fashion as the rate of reaction at temperatures above 500°C.

The change in electron emission and rate of catalysis with electric

fields indicates that some reactions can be partially controlled by

external electric field potentials.

The mechanism for these phenomena is not entirely clear at

this time, but it is suggested that the large values of K and Ie

observed during the induction period are due to mass migration on the

catalyst surface, [9]. Surface migration during catalysis is well

known, [121. Catalyst surfaces are often grooved and twisted after

long use.

Delchar [13] has observed exo-electron emission from nickel

during adsorption of oxygen, but the electron current level dropped as

the surface became saturated. Similar phenomenon was observed in this

study and it is suggested that the steady state, electron current is

A 
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due to the adsorption step in the reaction. It is further suggested

that the steady state level indicates a continuous adsorption which

would be necessary for a continuous catalytic activity.

The surge seen during cooling may be due to relaxation of the

"activated" surface, which exists during catalysis, back to its normal

state. Effects of this nature have been reported in thermal faceting

of silver, [14]. Thermal facets at 865°C disappeared as the tempera-

ture was raised and reappeared as temperature went down again. Copious

exo-electron emission would result from such extensive surface migra-

tion [9].

It was shown earlier that electric fields are effective (if

at all) only when applied before the catalyst is heated for reaction.

Electric fields, if applied during surface rearrangement, have been

shown to change the final state of a surface in thin films, [15]. In

that study, the electric field was applied during deposition and was

shown to effect the orientation of the deposited film. The electric

field was not effective when applied to the completed film. Kennedy,

Hayes, and Alsford [16] demonstrated that for a given metal film thick-

ness higher resistivity films are obtained for evaporation onto an

electrically isolated substrate, whereas lower resistivity films result

from the application of an electric field (10 volts/cm) in the plane of

the substrate or by removal of residual electrostatic positive charges

from the incident vapor stream. In their experiment the major struc-

tural effects took place at the early stages of growth. Other studies

by Sinclair and Calbick [17] on orientation effects of applied DC
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electric fields on sodium chloride films deposited on silica glass,

and one by Little [18] on inhibition of condensation by intense electro-

magnetic fields, indicate that electric fields have a definite effect

on formation of thin films when applied during their growth. A catalyst

surface at the beginning of a catalytic reaction may be compared to a

thin film during growth due to rearrangements caused by surface migra-

tion. It is suggested that the final surface state, after the mass

migration has ceased, is different for cases where electric fields are

applied during the formation. It must be noted that the parallelism

used here is not exact. The materials used in References 15, 16, 17

and 18 were not the same as our catalysts and the fields were in the

same direction as the planes of films rather than perpendicular to

them. These experiments are brought up as examples of phenomena which

take place during the induction period when an external field is

applied. Similar processes may be occurring on the catalyst surface

which would explain the observations of the effect of electric fields.

In other studies an increase in reaction rate, for oxidation

of isopropyl alcohol over silver at 476°C, was reported [19] due to

application of a negative bias. However, the text does not show

whether the field was applied during or before the catalyst was heated.

Lee and Hsu [20] demonstrated that catalytic activity may be

effected by AC bias voltages of various frequencies. Lee [21] also

showed that catalysis could be effected by applying fields that could

be varied both in amplitude and frequency.
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Stadnik and Fensik [19] have suggested that the applied field

may have induced excess electron emission from the catalyst. This

agreed with the results in this study.

The experiment on palladium showed that although palladium has

a very similar crystalline structure to platinum, it does not exhibit

similar catalytic activity. It is further suggested that the initial

clean metal surface is "covered" by a semiconducting gas-metal com-

pound, formation of which brings about the surface migration discussed

earlier. This happens at the start of the reaction and accounts for

the initial instability of exo-electron emission current. After a

stable "surface state" is reached the emission level and the reaction

rate both reach a steady state level. Electrons are emitted as reduc-

ing gas "molecules" are oxidized upon collision with the gas-metal

interface. Negative electric potential increases catalytic activity

possibly by increasing the adsorption capacity of the semiconducting

layer due to bending of the Fermi level at the surfaces, (Volkenstein).

Increased adsorption brings about an increase in contact between the

reducing gas and the surface layer.

It is also suggested that absence of oxygen reduces this

semiconducting layer and exposes the clean metal surface which accounts

for the sudden increase in exo-electron emission, even though the

reaction rate goes to zero. This was shown in the last set of data.

Same data showed that formation of the proposed gas-metal layer re-

quires the presence of both oxygen and the reducing gas. The final

surge is due to disappearance of the surface layer as the temperature

drtone
M__ _ 



LIST OF REFERENCES

1. Prettre, M., Catalysis and Catalysts, Dover, New York, 1963.

2. Hoenig, S. A., A Study of Oxygen Recombination on Metallic Sur-

faces by Means of an Atomic Beam, Ph.D. Dissertaion, University

of California, October 7, 1960.

3. Daniels, F. and A. Albertz, Physical Chemistry, John Wiley,

New York, 1966.

4. Robertson, A. J. B., Catalysis of Gas Reactions by Metals,
Springer-Verlag, New York, 1970.

5. Volkenstein, F., The Electronic Theory of Catalysis on Semi-
conductors, McMillan, New York, 1963.

6. Hoenig, S. A. and John Lane, "Chemisorption of Oxygen on Zinc

Oxide, Effect of a DC Electric Field," Surface Science, Vol. 11,

163-174, 1968.

7. Dowden, D. A., "Heterogeneous Catalysis, Part 1, Theoretical

Basis," Journal of the Chemical Society, Vol. 56, 242-265,

January 1950.

8. Swanson, L. W. and A. E. Bell, "Literature Review of Adsorption

on Metal Surfaces," NASA Technical Report NAS 3-8910, Lewis

Research Center, Cleveland, Ohio, 1967.

9. Hoenig, S. A. and F. Tamjidi, "Exo-Electron Emission During

Heterogeneous Catalysis (The Effect of External Electric

Potentials)," Article to appear in Journal of Catalysis, 1972.

10. Bernstein, L. S., K. K. Kearby, A. K. S. Raman, J. Vardi, and

E. E. Wigg, "Application of Catalysts to Automotive NOx Emissions

Control," Society of Automotive Engineers, 710014, January 1971.

11. Sato, N. and M. Seo, "Chemically Stimulated Exo-emission from a

Silver Catalyst," Nature, Vol. 216, 361, 1967.

12. Eisner, S., "Observation of Active Areas in Thin Films of

-Palladium," Journal of Electrochemical Society, Vol. 112, 53,

1965.

O49



50

13. Delchar, T., "Exo-Electron Emission During Oxygen Chemisorption
at Clean Nickel Surfaces," Communication in Journal of Applied
Physics, Vol. 38, No. 5, 2403-2404, 1967.

14. Moore, A., "Thermal Faceting," Metal Surfaces, American Society
for Metals, Metals Park, Ohio, 172, 1962.

15. Chopra, K., "Influence of Electric Field on the Growth of Thin
Metal Films," Journal of Applied Physics, Vol. 37, No. 6, 2249,
1966.

16. Kennedy, D. I., R. E. Hayes and R. W. Alsford, "The Influence of

Charge Effects on the Growth and Electrical Resistivity of Thin
Metal Films," Advances in Physics, Vol. 14, 361, 1965.

17. Sinclair, N. R. and C. J. Calbick, "Orientation Effects of an
Applied DC Field On NaCl Films Deposited on Silica Glass,"
Applied Physics Letters, Vol. 10, 214-215, April 1967.

18. Little, V. I., "Inhibition of Condensation by Intense Electro-
magnetic Fields," Nature Physical Science, Vol. 232, 165-167,
August 1971.

19. Stadnik, P. and V. Fensik, "Catalytic Oxidation of Alcohols on
Silver with an Electric Charge on the Catalyst," Kinetics and
Catalysis, (English Translation), Vol. 2, 509, 1961.

20. Lee, V. J. and W. Hsu, "Electrodynamic Field Effect in Hetero-

geneouseatalysis and Kinetics: Hydrogenation of Benzene to
Cyclohexane," American Institute of Chemical Engineers, Symposium
on Recent Advances in Kinetics and Catalysis: Part 2, Sixtieth
Annual Meeting, Preprint 21A, New York, November 26-30, 1967.

21. Lee, V. J., "Heterogeneous Catalysis: Effect of an Alternating
Electric Field," Science, Vol. 152, 514, April 1966.


